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Pot1 is the protein responsible for binding to and pro-
tecting the 30 single-stranded DNA (ssDNA) overhang
at most eukaryotic telomeres. Here, we present the
crystal structure of one of the two oligonucleotide/
oligosaccharide-binding folds (Pot1pC) that make
up the ssDNA-binding domain in S. pombe Pot1.
Comparison with the homologous human domain
reveals unexpected structural divergence in the
mode of ligand binding that explains the differing
ligand requirements between species. Despite the
presence of apparently base-specific hydrogen
bonds, Pot1pC is able to bind a wide range of ssDNA
sequences with thermodynamic equivalence. To
address how Pot1pC binds ssDNA with little to no
specificity, multiple structures of Pot1pC bound to
noncognate ssDNA ligandswere solved. Thesestruc-
tures reveal that this promiscuity is implemented
through new binding modes that thermodynamically
compensate for base-substitutions through alternate
stacking interactions and new H-bonding networks.
INTRODUCTION
The execution of many biological activities requires the specific
binding of a protein to a double- or single-stranded nucleic
acid. Structural and biochemical studies in several model
systems have revealed how this specificity can be achieved
(von Hippel and Berg, 1986; Freemont et al., 1991). Canonically,
sequence-specific discrimination is thought to occur largely
through the recognition of a pattern of hydrogen-bond donor
and acceptor atoms characteristic of nucleotide sequence.
Less well characterized, however, are the equally important
nucleic acid recognition events that require indiscriminate
recognition, such as the binding exhibited by single-strand break
protein (SSB) (Raghunathan et al., 2000), nonspecific nucleases
(Li et al., 2003), DNA polymerase (Ollis et al., 1985), and pro-
liferating cell nuclear antigen (Krishna et al., 1994). Studies
of this type of recognition suggest that binding is achieved
by nonspecific stacking/hydrophobic interactions and/or inter-
actions with the phosphate backbone (Record et al., 1976).
While these concepts were largely inferred from the study of
double-stranded DNA-binding proteins, the same principles
have been applied to single-stranded nucleic acid binding
proteins (Messias and Sattler, 2004; Cle´ry et al., 2008).Structure 21, 12The family of proteins that bind the 30 single-stranded DNA
(ssDNA) overhangs of telomeres provides an ideal system for
the characterization of ssDNA recognition. Telomere-end pro-
tection (TEP) proteins bind the ssDNA overhang with high affinity
to insulate the DNA from damage response elements and to
regulate access by telomerase. Disruption of this interaction
can lead to activation of DNA-damage-response machinery,
which can cause chromosomal fusions and lead to senescence
and cell death (Wu et al., 2006; Denchi and de Lange, 2007; de
Lange, 2009; Rai et al., 2010). TEP proteins must therefore effi-
ciently recognize the specific G-rich sequence present at telo-
meres. As nucleotide sequence is not conserved between
species, orthologous TEP proteins use different mechanisms
to recognize their specific overhang (Lewis and Wuttke, 2012).
S. nova (formerly known as O. nova) and human telomeres are
composed of perfect repeats of short signature motifs, and their
TEP proteins (TEBPa/b and hPOT1, respectively) use multiple
oligonucleotide/oligosaccharide-binding (OB)-folds to bind 2
repeats in a specific fashion (Horvath et al., 1998; Lei et al.,
2004). Specificity is achieved in these systems through the orien-
tation of the bases toward the protein to form base-specific
H-bonds. In contrast to the uniformity of most telomeres,
S. cerevisiae telomeres are overall GT-rich, but do not have
a strictly conserved repeat (Fo¨rstemann et al., 2000). The S. cer-
evisiae TEP protein, Cdc13, meets this challenge through the use
of a single OB-fold that specifically recognizes a d(GXGT) motif
at the 50 end of theminimal DNA required for high affinity binding.
It also interacts with the remaining seven nucleotides required for
high affinity binding, but does so nonspecifically to accommo-
date the sequence heterogeneity typical of S. cerevisiae telo-
meres (Mitton-Fry et al., 2002; Anderson et al., 2003; Eldridge
et al., 2006). While Cdc13 binds the entire 11 nt ligand in a
bases-inward fashion, a reduced number of H-bonds may
explain the lack of specificity for the 30 portion of the sequence.
The fission yeast S. pombe also has degenerate telomeres
that can be described by the sequence d(GGTTAC)(A/AC)0-1
(G)0-7 (Trujillo et al., 2005; Leonardi et al., 2008). The ssDNA over-
hang is bound by the TEP protein SpPot1, which has a domain
organization analogous to that of hPOT1 (Theobald and Wuttke,
2004; Croy et al., 2006). This includes a DNA-binding domain
(Pot1-DBD) that is composed of two OB-folds (Pot1pN and
Pot1pC inS. pombe and hOB1 and hOB2 in humans) (Figure S1A
available online). Pot1pN is structurally very similar to its human
counterpart hOB1 (Lei et al., 2004), but recent biochemical work
suggests accommodation of degenerate telomeric sequence is
conferred by the structurally uncharacterized domain Pot1pC
(Altschuler et al., 2011). Comparison to hOB2 gives little insight
into the mechanistic basis for this promiscuity, due to a lack of1–132, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 121
Table 1. Data Collection and Refinement Statistics for Cognate
Complex
Pot1pC/9-mer (4HIK)
Data Collection
Space group P212121
Cell Dimensions
a, b, c (A˚) 44.87, 57.39, 66.17
a, b, g () 90, 90, 90
Peak Inflection Remote
Wavelength 0.9799 0.9801 0.9428
Resolution (A˚) 50.0–1.71
(1.74–1.71)
50.0–1.70
(1.73–1.70)
50.0–1.64
(1.67–1.64)
Rsym or Rmerge 0.058 (0.141) 0.048 (0.125) 0.050 (0.146)
I / sI 36.07 (11.73) 35.59 (11.56) 33.76 (10.28)
Completeness (%) 99.1 (94.5) 97.7 (67.0) 99.1 (93.8)
Redundancy 8.4 (7.0) 8.4 (6.7) 8.4 (6.9)
Refinement
Resolution (A˚) 35.35–1.71
No. reflections 21,007
Rwork / Rfree 19.17/21.93
No. atoms 1654
Protein 1172
Ligand/ion 185
Water 297
B-factors
Protein 16.744
Ligand/ion 20.393
Water 28.75
rmsds
Bond lengths (A˚) 0.006
Bond angles () 1.06
One crystal was used. Values in parentheses are for highest resolution
shell.
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Pot1pC Uses Multiple Binding Modessequence identity and differing biochemical features between
these domains. To understand how Pot1pC achieves nonspe-
cific binding, we have solved the crystal structures of Pot1pC
bound to its minimal cognate and a variety of noncognate
ligands. These structures reveal a binding surface distinct from
that of hOB2 and a unique structural mechanism by which
Pot1pC is able to accommodate heterogeneous ssDNA ligands.
Furthermore, these mechanisms likely explain the anomalous
lack of specificity in several other single-stranded nucleic acid
binding proteins.
RESULTS
Pot1pC/9-mer Structural Overview
The Pot1pC domain was originally defined as encompassing
amino acids 178–389 of the full-length Pot1 protein (Croy et al.,
2009). This construct was biochemically active, but proved re-
fractory to structural work. For these studies, we used a smaller,
proteolytically defined construct spanning residues 198–339 and
including a mutation (V199D) (Figure S1A), which was more122 Structure 21, 121–132, January 8, 2013 ª2013 Elsevier Ltd All rigamenable to structural characterization. This construct has a
similar global structure, as determined by nuclear magnetic
resonance (Figure S1B), and comparable ssDNA binding char-
acteristics as 178–389 (Figure S1C). Moreover, 1–339 fully reca-
pitulates binding by the original Pot1-DBD construct, spanning
residues 1–389 (data not shown). The 198–339 V199D domain
(hereafter referred to as Pot1pC) was copurified with its minimal
9 nt ssDNA ligand d(GGTTACGGT), and the crystal structure of
the complex was solved using standard strategies to 1.7 A˚ reso-
lution (Tables 1, 2, and 3; Experimental Procedures).
Pot1pC is an OB-fold that binds d(GGTTACGGT) (9-mer)
roughly across the canonical OB-fold binding face (Figure 1A).
This surface includes b strands b1–b5 and is centered on strands
b2 and b3 (Theobald et al., 2003; Horvath, 2011). The OB-fold
differs from most, in that it contains an extended loop between
b2 and b3 (L23) and a sixth b strand that creates an additional
loop (L56). Both of these features augment the DNA binding cleft
to create a surface of 691 A˚2 that is buried upon 9-mer binding
(Voss and Gerstein, 2010). While most OB-folds bind ssDNA in
an extended fashion, 9-mer is bent 90 between bases 5 and
6. This bend guides the DNA around L12, but the DNA does
not make contact with the loop. This lack of contact creates an
unfilled surface in the binding cleft that is atypical of OB-fold/
ligand complexes (Figure 1B).
A detailed analysis shows that the interface consists largely of
stacking interactions and base-mediated H-bonds (Figure 2). G1
is somewhat removed from the primary cleft and is stacked onto
Trp72. This base still participates in extensive interactions with
the protein surface, forming five intermolecular H-bonds with
both side-chain and main-chain atoms of Pot1pC (Figure 2A).
Bases 2–4 form an off-centered stack that is capped on the
bottom by Ile107 and Ile70 and on top by Leu101. These bases
form several direct and water-mediated H-bonds with side
chains along strands b4 and b5 (Figures 2B and 2C). A5 is
removed from this stack and inserts into a deep pocket
composed of Arg68 and Phe47. The exocyclic amine extends
back to form an intramolecular H-bond with T4, and several
water-mediated H-bonds are formed between theWatson–Crick
face and the protein (Figure 2C). Following A5, the DNA bends
90 to form two intramolecular H-bonds involving C6 (Fig-
ure 2D). This bend is likely induced by steric interactions with
L23 and favorable intramolecular H-bonding interactions. There
is an additional twist that orients the phosphate backbone
toward the protein, and several intermolecular H-bonds are
formed with L23. Additionally, C6 forms a well-aligned stack
with G7, Trp27, T9, and Tyr28. As with the other bases, G7
and T9 also form a variety of intermolecular H-bonds (Figure 2E).
G8 is flipped out of this stack, but is located in a pocket formed
by G7 and Arg57. G8 forms an array of both intra- and intermo-
lecular H-bonds with the phosphate backbone and L23, respec-
tively (Figure 2F). In total, there are five intramolecular and 27
intermolecular H-bonds formed by the DNA in addition to
stacking and hydrophobic interactions.
The ssDNA Interface Is Not Conserved between hOB2
and Pot1pC
The closest structural match to Pot1pC is hOB2 of human POT1
(Holm and Rosenstro¨m, 2010). Despite limited sequence con-
servation (Croy et al., 2006), the protein structures align withhts reserved
Table 2. Data Collection and Refinement Statistics for Noncognate Complexes
G2C (4HID) T3A (4HIM) T4A (4HIO) A5T (4HJ5)
Data Collection
Space group P212121 P212121 P212121 P212121
Cell Dimensions
a, b, c (A˚) 40.96, 59.12, 66.09 45.02, 57.40, 66.41 41.34, 59.87, 66.28 40.87, 59.24, 65.76
a, b, g () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (A˚) 50.0–1.80 (1.90–1.80) 50.0–1.75 (1.80–1.75) 50.0–1.76 (1.82–1.76) 50.0–2.05 (2.12–2.05)
Rsym or Rmerge 0.072 (0.321) 0.034 (0.147) 0.057 (0.366) 0.058 (0.384)
I / sI 14.46 (2.65) 26.15 (7.36) 15.59 (2.52) 12.61 (2.28)
Completeness (%) 95 (83.8) 98.8 (98.9) 98.5 (95.7) 93.0 (95.0)
Redundancy 3.3 (2.5) 3.0 (2.9) 3.3 (3.0) 2.4 (2.5)
Refinement
Resolution (A˚) 30.1–1.80 31.3–1.75 30.3–1.75 29.95–2.04
No. reflections 14,118 17,732 16,745 9833
Rwork / Rfree 20.50/21.80 22.14/25.16 21.46/23.60 22.60/26.09
No. atoms 1550 1530 1555 1444
Protein 1172 1172 1177 1167
Ligand/ion 182 186 186 184
Water 196 172 192 93
B-factors
Protein 24.273 25.643 19.705 37.004
Ligand/ion 33.477 33.49 27.893 48.707
Water 31.688 29.038 27.042 38.349
rmsds
Bond lengths (A˚) 0.007 0.007 0.009 0.008
Bond angles () 0.797 0.813 0.877 1.10
One crystal was used for each structure. Values in parentheses are for highest resolution shell.
Structure
Pot1pC Uses Multiple Binding Modesa root-mean-square deviation (rmsd) of 1.9 A˚ for 125 of the 139
a-carbons (Holm and Rosenstro¨m, 2010). Asmight be expected,
the b-barrel cores align well, but, unexpectedly, there is a major
displacement of L23 between hOB2 and Pot1pC. Part of L23
of Pot1pC is peeled away from the b-barrel core, whereas L23
of hOB2 packs against the b-barrel and fills the binding surface
utilized by Pot1pC (Figure 3A). This difference modulates the
surface utilized for ligand binding dramatically such that hOB2
contacts only four nucleotides along a surface that is rotated
around the ‘‘side’’ of the b-barrel (Lei et al., 2004). In contrast,
Pot1pC utilizes a more extensive surface on the ‘‘front’’ of the
b-barrel, which results in a stunning lack of ligand overlap
between the two structures. In fact, the binding pocket for only
one nucleotide is shared between the two domains (Figure 3B).
Even though the interfaces are quite different, the amino acids
that make up this shared pocket are conserved.
These structural dissimilarities raise the question of whether
the 9 nt sequence bound by Pot1pC can be extended in the 50
direction to access the binding surface of hOB2 and vice versa.
To address these questions, we solved the structures of Pot1pC
bound to DNA sequences with one and two extra nucleotides on
the 50 end (data not shown). In both structures, the immediate 50
base simply stacks onto G1 and extends into space, making no
substantive contacts with the protein. Addition of a second 50
nucleotide continues this stacking into space, but is poorlyStructure 21, 12defined in the electron density, suggesting significant mobility.
In neither case is there evidence of the bases interacting with
the surface utilized by hOB2. The amino acids that make up
the G2 binding pocket in Pot1pC (Arg97 and Glu105) are
conserved in the hOB2 structure (Figure S3), suggesting the
possibility that an extended ssDNA substrate could be bound
by hPOT1. Previous work, however, has shown that hPOT1
has a similar affinity for ssDNA ligands extended in the 30 direc-
tion, suggesting no additional interactions (Lei et al., 2004).
Furthermore, other key DNA contact residues in Pot1pC (e.g.,
Trp27 and Tyr28) are not conserved in the hOB2 structure (Fig-
ure S3). These data, combined with the presence of the loop
that occludes the binding surface, suggest that the two domains
recognize ssDNA in distinct fashions.
Pot1pC Accommodates Noncognate Ligands through
Distinct Structural Mechanisms
Pot1pC shows little specificity for the sequence of its ssDNA
ligand (Croy et al., 2009; Table 4), and this is even more
pronounced in the context of the full DNA-binding domain
(Altschuler et al., 2011). This biochemical observation is at
odds with the large number of apparently base-specific H-bonds
in the Pot1pC/9-mer complex. The intermolecular interface
contains a total of 22 base-mediated H-bonds, with each base
participating in at least two (Figure 2). To determine how1–132, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 123
Table 3. Data Collection and Refinement Statistics for Noncognate and Extended Complexes
C6G (4HJ7) G8C (4HJ8) +1 50 (4HJ9) +2 50 (4HJA)
Data Collection
Space group P212121 P212121 P212121 P212121
Cell Dimensions
a, b, c (A˚) 40.76, 58.18, 65.63 44.58, 57.55, 66.58 44.00, 57.47, 66.15 45.85, 56.78, 66.26
a, b, g () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (A˚) 50.0–1.79 (1.85–1.79) 50.0–2.05 (2.12–2.05) 50.0–1.77 (1.83–1.77) 50.0–2.00 (2.07–2.00)
Rsym or Rmerge 0.036 (0.192) 0.073 (0.459) 0.047 (0.512) 0.059 (0.421)
I / sI 22.62 (5.51) 12.65 (2.33) 17.58 (1.85) 12.37 (2.26)
Completeness (%) 99.5 (99.5) 99.5 (98.9) 99.1 (95.5) 99.3 (93.4)
Redundancy 3.5 (3.4) 3.4 (3.2) 3.2 (2.9) 3.4 (3.1)
Refinement
Resolution (A˚) 17.51–1.78 18.78–2.04 31.23–1.85 31.4–2.10
No. reflections 15,326 11,245 14,821 12,144
Rwork / Rfree 17.37/20.69 19.23/23.00 20.06/23.96 19.26/24.79
No. atoms 1544 1479 1512 1540
Protein 1172 1172 1185 1177
Ligand/ion 188 182 204 225
Water 184 125 123 138
B-factors
Protein 22.241 28.572 33.955 25.383
Ligand/ion 22.831 37.279 46.113 39.191
Water 30.668 33.278 39.876 29.053
rmsds
Bond lengths (A˚) 0.007 0.007 0.007 0.008
Bond angles () 1.14 1.05 1.13 1.23
One crystal was used for each structure. Values in parentheses are for highest resolution shell.
The unit cell dimensions fall into two groups: one group (9-mer, T3A, G8C, +1 50, and +2 50) is 45 3 57 3 66 A˚, while the other (G2C, T4A, A5T, and
C6G) is413 593 66 A˚. This appears to be a result of two types of crystal packing near the 50 end of the ssDNA. Despite these differences, these two
groups do not correlate with any of the structurally or biologically relevant features of this protein. Thus, we assume this to be a crystal-packing artifact
with no bearing on our conclusions.
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Pot1pC Uses Multiple Binding Modesnoncognate ligands are accommodated, we solved the struc-
tures of Pot1pC bound to six different ligands with individually
substituted bases. One of these substitutions, d(GCTTACGGT)
(G2C), significantly disrupts affinity (36-fold), but the others
have little to no effect (<3-fold) on affinity (Table 4). The speci-
ficity at position 2 could be rationalized by the presence of three
direct H-bonds between the base and protein (Figure 2B), but
position 1 has four direct H-bonds (Figure 2A) that confer no
specificity (Croy et al., 2009). Thus, the cognate structure alone
cannot be used to predict specificity at a given location. In the
noncognate complexes, the overall protein topology is main-
tained. Surprisingly though, despite the similar binding affinities,
there were a number of unanticipated structural changes to the
interface in these noncognate complexes. These changes range
from slight local shifts to global rearrangements of the entire
interface.
Local Reorientation of a Base
Substitutions at positions 3, 5, and 6 are all accommodated by
slight shifts in the orientation of the base to compensate for
lost H-bonds by forming new ones. These shifts do not substan-
tially impact the positioning of the rest of the DNA, and rmsd
values for unsubstituted nucleotides are all <1 A˚ (Table 4). The124 Structure 21, 121–132, January 8, 2013 ª2013 Elsevier Ltd All rigprotein backbone and side chains are largely unaffected as
well, with only slight changes in an area of L56 distal to the
interface.
Of these ligands, T3A undergoes the largest local shift. One
direct H-bond with Arg68 and one water-mediated H-bond are
broken (Figure 2B), but one new H-bond is formed with a slightly
rotated His100. This shift also creates a better-aligned stack with
G2 that may compensate for some of the lost H-bonding energy
(Figure 4B). The phosphate backbone adopts a slightly altered
conformation, but this does not affect the positioning of any
other intermolecular contacts (Figure 4A).
Substitution at position 5 causes very little change to the DNA
or protein, and many of the contacts are still maintained. The
substitution breaks two water-mediated H-bonds and one intra-
molecular H-bond (Figure 2C). One of the water-mediated H-
bonds is recouped by repositioning of the water molecule, but
the rest are lost. The smaller thymine base is, however, able to
reach far enough into the pocket to maintain favorable stacking
between Arg68 and Phe47 (Figure 4D).
Substitution at position 6 also has little global effect on the
interface (Figure 4E), but the base is rotated dramatically. A
180 rotation around the 10 glycosidic bond maintains thehts reserved
Figure 1. Pot1pC/9-mer Structure Overview
(A) Crystal structure of Pot1pC bound to its cognate 9-mer substrate d(GGTTACGGT). 9-mer is depicted as lavender sticks, and its electron density is
contoured to 1.5s. Pot1pC is colored N to C terminus (blue to red). Pot1pC is an OB-fold, and 9-mer lies across the canonical ligand-binding surface augmented
by L23 and L56.
(B) Surface representation of Pot1pC, in which the DNA and surface atomswithin 5 A˚ are colored by element (C-green/violet, O-red, N-blue, P-orange, Se-yellow).
This depiction highlights the chemical diversity of the binding interface that includes hydrophobic and polar contacts. Additionally, this depiction illustrates the
wide binding pocket and exposed surface between L12 and nucleotides 2–4. Figures were created with MacPyMOL (Schrodinger, 2010).
See also Figure S1.
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Pot1pC Uses Multiple Binding Modesplanarity and stack with G7. The flexibility of the ssDNA back-
bone allows additional slight rearrangements that effectively
swap the Watson–Crick and Hoogsteen faces. This does little
to conserve the donor/acceptor pattern, but it maintains one
of the two water-mediated H-bonds from the cognate com-
plex, while forming one new water-mediated bond and one
new direct H-bond to Tyr136 (Figure 4F). As with bases 3 and
5, the substituted base maintains the same planarity, thereby
preserving the stacking interactions present in the cognate
complex.
Local Reorientation of a Base and the Protein
Some base substitutions lead to local changes in both the DNA
and protein conformation. Substitution from guanine to cytosine
at position 8 is accommodated by a 180 rotation of the base,
similar to what is seen in C6G. In addition, the rotation of G8C
is coupled with a rearrangement of L23 (Figure 4G). In the
cognate complex, G8 forms a complex network of hydrogen
bonds that involves every potential donor and acceptor atom
on the base (Figure 2F). Substitution to cytosine disrupts all of
these interactions, but rotation of the base creates an equally
intricate network of H-bonds with almost entirely new inter-
and intramolecular partners (Figure 4H). The H-bond with
Lys25 is maintained, but new water-mediated bonds are formed
with the side-chain of Glu85 and backbone of Thr26. Interest-
ingly, these residues are unaltered from the cognate complex,
as if poised to interact with the ssDNA; it is only the reorientation
of the base that is required for the formation of new bonds. Inter-
action with L23 is maintained, but only through a concerted reor-
ientation of the loop. The new protein conformation allows for
a new H-bond with the side-chain of Ser55, and it repositions
the side-chain of Arg57 to maintain the favorable packing inter-
action. While these adjustments are all proximal to the
substituted base, this structure illustrates the role of the confor-Structure 21, 12mational plasticity of the protein in addition to the DNA in accom-
modating base changes.
Global Reorientation of the DNA and Protein
While some noncognate ligands can be accommodated by local
adjustments to the interface, others lead to global reorganization
of the complex. In the structures of the G2C and T4A complexes,
we found that Pot1pC is able to utilize a second binding mode.
Pot1pC binds G2C and T4A in a new fashion, in which the posi-
tions of six of the nine bases are altered (ligand rmsds of 3.05 and
2.70 A˚, respectively) as well as L23 of the protein (Figures 5A and
S2A). The affinity for G2C is decreased 36-fold, relative to 9-mer,
and this is reflected by the poorly defined electron density for
bases 2 and 3 (Figure S2D). Unfortunately, this lack of density
makes it difficult to determine why this complex adopts an alter-
nate binding mode. T4A, however, is bound with an affinity equal
to the cognate sequence, and the high quality structure allows
for detailed analysis of this alternate mode.
A step-by-step examination of the T4A interface suggests how
the protein is able to access this alternate binding mode. The re-
positioning of base 4 triggers the global reorganization. The
larger adenine in the T4A complex is unable to fit in the binding
pocket occupied by thymine in the cognate complex. As a result,
the base rotates 90 around the phosphodiester backbone, flip-
ping it out of the original binding pocket and into the largely
unoccupied region above L12 (Figure 5A). This reorientation
creates a stacking interaction with Arg68 (Figure 5B), but the
H-bonds and stacking interactions present in the cognate
complex are completely disrupted (Figure 2C). This same reor-
ientation occurs in the G2C complex (Figures S2B and S2C),
but the reason is less clear, due to reduced electron density.
The new orientation of base 4 clashes with T3 and C6 (Fig-
ure 5B), and their subsequent shifts are propagated across the
interface. The clash with T3 causes the base to shift in the pocket1–132, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 125
Figure 2. The Pot1pC/9-mer Interface Consists of Extensive H-Bonding and Stacking Interactions
(A) The G1 binding pocket involves a stacking interaction with Trp72 and four direct intermolecular H-bonds.
(B) Bases 2, 3, and 4 form an off-centered stack. G2 forms three direct H-bonds, while T3 forms one direct and one water-mediated H-bond.
(C) Leu101 forms the top of the T4 binding pocket, while T4 forms two intermolecular and one intramolecular H-bond. A5 stacks between Arg68 and Phe47 and
forms three water-mediated H-bonds with Pot1pC.
(D) An 90 kink in the DNA orients the backbone toward L23, while bases 6 and 7 point toward the solvent-filled portion of the binding pocket. Despite this
orientation, C6 still forms two base-specific water-mediated intramolecular H-bonds.
(E) Bases G7 and T9 stack between Trp27 and Tyr28. The Watson–Crick face of G7 is solvent-exposed, but one direct and one water-mediated H-bond are
formed along the Hoogsteen face. T9 forms two direct and one water-mediated H-bond with the protein backbone.
(F) G8 is flipped out of the main binding pocket, but is packed between G7 and Arg57. Additionally, G8 forms an extensive array of both inter- and intramolecular
H-bonds.
See also Figure S3.
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Pot1pC Uses Multiple Binding Modesin a manner similar to the T3A substitution (Figures 4A and 5C).
This breaks several H-bonds, but is accompanied by a rotation
of the His100 side chain to create a new stacking interaction.
The end result is a well-aligned stack between G2, T3, and
His100 that likely compensates for the energetics lost by T3
and T4. The steric clash with C6 also leads to a rearrangement
that pushes the base down in the binding pocket and pulls the
phosphate backbone away from L23 (Figure 5D). The backbone
is easily accommodated by the flexible L23, which simply
adjusts to create a new H-bonding network. These movements,
however, disrupt the G8 pocket, which forces the base to rotate
180 to create a new network of H-bonds (Figure 5E). This
orientation is different, even from the G8C complex, but the
planarity of the base and its packing interactions with Arg57126 Structure 21, 121–132, January 8, 2013 ª2013 Elsevier Ltd All rigare maintained. Finally, the downward shift of C6 in the binding
pocket causes a concomitant shift of G7, Trp27, T9, and Tyr28
to maintain the stack seen in the cognate complex (Figure 5F).
The end result is a unique binding mode utilized by Pot1pC to
bind a noncognate ligand with an affinity equal to that of the
cognate sequence.
DISCUSSION
The structure of the Pot1pC/ssDNA complex supports a differ-
ence in domain organization between the human and
S. pombe Pot1 proteins. Previous work established that Pot1pN
and Pot1pC could be separated and expressed individually
(Baumann and Cech, 2001; Croy et al., 2009), while hOB1 andhts reserved
Figure 3. Superposition of hOB2 and
Pot1pC Highlight the Unexpected ssDNA-
Binding Mode
(A) The beta-barrel cores of hOB2 (Lei et al., 2004)
(yellow) and Pot1pC (green) align well, but L23
adopts an extended conformation in Pot1pC
(purple), while L23 in hOB2 (red) lies in the
canonical ssDNA-binding pocket.
(B) The positioning of L23 in the human structure
obscures the surface, along which the majority of
the DNA lies in the S. pombe structure. This cau-
ses the human DNA to bind along a unique binding
surface, with the position of only one base con-
served between species.
Structure
Pot1pC Uses Multiple Binding ModeshOB2 appear to function exclusively as a tightly packed unit (Lei
et al., 2004). These observations, in addition to structural predic-
tions (Croy et al., 2006), suggested the presence of an expanded
linker between Pot1pN and Pot1pC. The structure of Pot1pC, in
combination with that of Pot1pN, shows that, indeed, there are
25 proteolytically labile amino acids between Pot1pN and
Pot1pC (Figure S1A) compared to only five spacer residues
between hOB1 and hOB2. Furthermore, if Pot1pN and Pot1pC
were packed together in the same manner as hOB1 and hOB2,
there would be a 22 A˚ gap between the 30 end of the DNA bound
to Pot1pN and the 50 end of the DNA bound to Pot1pC. These
observations suggest that Pot1pN and Pot1pC are flexibly teth-
ered subdomains in contrast to the DNA-binding domain of
hPOT1 that functions as a tightly packed unit. These arrange-
ments are likely evolved to accommodate the different telomeres
in each species: hPOT1 only needs to recognize an invariant
repeat, while SpPot1 must accommodate degenerate se-
quences and likely does so in part via domain-domain rearrange-
ment. The degenerate telomeres found in S. pombemay also be
accommodated by the alternate binding modes seen in the non-
cognate structures. High-affinity binding of the ssDNA overhang
is necessary for protection from the DNA damage response
machinery (Wu et al., 2006; Denchi and de Lange, 2007), and it
is therefore crucial for SpPot1 to bind a variety of sequences.
Previous work also pointed to a ligand length discrepancy
between Pot1pC and hOB2. Pot1pC in isolation binds a minimal
9 nt ligand (Croy et al., 2009), and this binding activity is likely
recapitulated in the context of the full DNA-binding domain,
which binds a 15 nt ligand with high affinity (PotpN+6-mer and
Pot1pC+9-mer) (Croy et al., 2006; Altschuler et al., 2011). While
hOB2hasnot been studied in isolation, it contacts only four bases
when in tight associationwithhOB1 (Lei et al., 2004). Thisdiscrep-
ancy is explained here by the discovery of nearly orthogonal
binding surfaces between these proteins. The disparity between
the hOB2 and Pot1pC binding surfaces is particularly surprising,Structure 21, 121–132, January 8, 2013given the overall structural similarity
between the two domains. Only L23
differs significantly, yet the reorientation
of these 17 amino acids allows the protein
to utilize a completely different binding
interface. This observation is particularly
relevant in light of the widespread popu-
larity ofmodeling andprediction of protein
structures and interactions. Often thegeneral fold of the domain can be reliably predicted (Wu and
Zhang, 2007; Kelley and Sternberg, 2009), but the details perti-
nent to the function are not necessarily captured in the prediction.
In this case, structural predictions of Pot1pC correctly predict
a global fold quite similar to the actual structure (best rmsd =
1.3 A˚ for 102/139 a-carbons), but they predict L23 to be in
a compact conformation similar to that of hOB2. This conforma-
tion occludes the majority of the DNA-binding cleft and fails to
capture any of the true features of the ssDNA interaction surface.
This disparity substantiates the concern that models may not be
accurate enough to capture important functional features, even
when the majority of the structure is accurately predicted.
We next located the evolutionary point at which the transition
wasmade from the S. pombe to human binding interface in order
to determine the functional significance of the switch. Many resi-
dues that specifically contact the ssDNA in S. pombe, but not
human, are in the highly variable L23 region and difficult to trace
through evolution. We were, however, able to use Trp27 and
Tyr28 as markers to suggest the presence of a binding surface
similar to that of S. pombe. These residues form an aromatic
cluster that anchors the 30 end of the ssDNA; thus, their presence
should indicate a binding mode similar to that seen in S. pombe.
We found that the WY motif is conserved throughout the
Schizosaccharomyces genus, and a single aromatic residue is
conserved through other fungi and up to the sea anemone.
The single aromatic, however, is lost in all species from sea
urchins to humans (Figure S3). This pattern of evolutionary
conservation suggests that the extended S. pombe binding
surface is likely not related to degenerate telomeres, as many
of the yeast species with a conserved aromatic residue have
uninterrupted GGTTAG repeats. Rather, while the possibility of
intermediate binding modes remains, the interface switch
appears to be correlated with the evolution of more complex
multicellular organisms. While speculative, it could suggest
a role of the interface in the regulation of telomerase activity.ª2013 Elsevier Ltd All rights reserved 127
Table 4. Biochemical and Structural Effects of Complementary Base Substitutions
DNA Liganda KD (nM)
b Fold Changec DH (kcal mol1)b TDS (kcal mol1)b DNA rmsd (A˚)d
9-mer - GGTTACGGT 24 – 29 18 –
G2C - GCTTACGGT 855 36 30 22 3.05
T3A - GGATACGGT 37 1.5 29 18 0.81
T4A - GGTAACGGT 21 0.88 20 10 2.70
A5T - GGTTTCGGT 63 2.6 30 20 0.96
C6G - GGTTAGGGT 6 0.25 26 14 0.87
G8C - GGTTACGCT 22 0.92 26 16 1.00
aSubstituted base in bold.
bApparent KD, DH, and TDS values are averaged from duplicate ITC experiments. Representative data is shown in Figure S1B.
cFold change is relative to the 9-mer affinity.
drmsd of the DNA is relative to 9-mer and is calculated for all nonsubstituted nucleotides using MacPyMol (Schrodinger, 2010).
Structure
Pot1pC Uses Multiple Binding ModesOne of the most surprising features of the Pot1pC/9-mer
structure is the abundance of apparently sequence-specific H-
bonds. The presence of base-mediated H-bonds raises ques-
tions regarding our understanding of nonspecific protein/nucleic
acid interactions. Base-mediated H-bonds are frequently as-
signed roles in conferring specificity, yet Pot1pC can accommo-
date complementary base substitutions at most positions with
no impact on binding affinity (Croy et al., 2009; Table 4). Pot1pC
takes advantage of several structural elements to accommodate
sequence heterogeneity, including ligand flexibility, protein
backbone flexibility, an enlarged binding cleft, and side chain
and water-mediated H-bonds. The flexibility of the ssDNA ligand
allows for 180 rotation around the 10 glycosidic bond, as seen in
the C6G (Figure 4F) and G8C (Figure 4H) complexes. Addition-
ally, the flexibility allows bases to undergo more subtle shifts
within binding pockets, like that seen in the T3A complex (Fig-
ure 4B). Malleability of the protein backbone—specifically
L23—also plays a role in sequence accommodation. This is aptly
illustrated in the G8C complex, where L23 reorients to maintain
contact with the substituted base (Figure 4H). Surprisingly,
even distal substitutions, such as G2C and T4A, cause chain
reactions that are accommodated by movements in L23 several
angstroms away from the site of substitution. The enlarged
binding cleft further facilitates accommodation. The solvent
accessible region above L12 allows base 4 to flip out of its
binding pocket and into the unfilled space in the G2C (Figure S2)
and T4A (Figure 5A) structures. Finally, flexible side chain and
water-mediated H-bonds help accommodate base substitu-
tions. Side chain andwater-mediated H-bonds allow for the reor-
ganization of H-bonding networks to accommodate different
ligands, as illustrated by the T3A (Figure 4B) and A5T (Figure 4D)
complexes, respectively. These new H-bonds are able to ther-
modynamically compensate for those lost upon base-substitu-
tion. Pot1pC relies upon assembling this variety of structural
elements in varied ways to bind ssDNA promiscuously.
While Pot1pC accommodates a variety of sequences, many
OB-fold-containing proteins bind with high specificity, suggest-
ing these mechanisms of accommodation are not a universal
feature of OB-folds (Theobald et al., 2003; Croy and Wuttke,
2006). There have, however, been a limited number of other
studies that addressed the lack of specificity conferred by
base-mediated H-bonds. Most of these studies illustrated the
importance of a flexible ssDNA/RNA substrate. Two studies128 Structure 21, 121–132, January 8, 2013 ª2013 Elsevier Ltd All rigshowed that ssDNA/RNA can be accommodated by nucleotide
shuffling: the process bywhich a base is flipped out of its binding
pocket and replaced by an adjacent base (Theobald and Schultz,
2003; Valley et al., 2012). While this process effectively
accommodates nucleotide substitution, we do not see anything
comparable in the structures of Pot1pC. Other studies showed
that bases can be rearranged in the binding cleft or rotated
around the glycosidic bond to accommodate substitutions (Lu
and Hall, 2011; Daubner et al., 2012). These rearrangements
resemble those seen in the T4A and C6G/G8C complexes,
respectively, andmay represent a commonly utilizedmechanism
of accommodation. In addition to adjustments of the ssDNA/
RNA, another study illustrated the ability of side chains and
water-mediated H-bonds to rearrange and accommodate nucle-
otide substitutions (Wang et al., 2009). These rearrangements
are similar to those seen in the T3A and A5T complexes and
again may represent a widely used mechanism of accommoda-
tion. What is unique about Pot1pC, however, is its ability to
combine these features to create an unexpectedly different
binding mode. In the G2C and T4A structures, the DNA is rear-
ranged within the enlarged binding cleft, L23 is altered, and
H-bonding networks are completely broken and reformed
(Figures 5 and S2). Multiple mechanisms of accommodation
are combined in thoroughly unexpectedways to create a globally
altered binding mode.
The structures of Pot1pC give a more complete picture of how
nonspecific and quasispecific proteins, such as replication
protein A, SSB, U2AF, and Cdc13, likely recognize a variety of
nucleic acid sequences. While structural features, such as the
rigidity of the protein/nucleic acid, narrow binding clefts, and/
or direct H-bonds, are crucial for the specific recognition of
nucleic acids, the degree of accommodation observed in this
family of structures is remarkable. These structures suggest
that the repertoire of strategies for achieving nonspecific recog-
nition is wider than previously imagined and should be consid-
ered when ascribing specificity to interactions observed in
high-resolution structures.EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Pot1pC was expressed and purified using essentially the same method as
described for Pot1-DBD (Altschuler et al., 2011). Briefly, native andhts reserved
Figure 4. Superposition of Cognate and
Noncognate Complexes Illustrates that
Complementary Base Substitution Can Be
Accommodated by Local Adjustments that
Break and Reform H-Bonds, but Maintain
the Global Binding Interface and Retain
High Affinity
(A) The phosphate backbone of T3A (yellow) is
altered slightly compared to the original 9-mer
substrate (lavender), but the protein backbone is
unaffected.
(B) The adenine substitution at position 3 shifts the
base such that two H-bonds are broken and one
new H-bond is formed.
(C) The A5T complex (orange and white) is globally
similar to the cognate (green and lavender).
(D) The substituted thymine stacks between Arg68
and Phe47, but two H-bonds are lost relative to the
cognate binding mode.
(E) The C6G complex (yellow and blue) is globally
similar to the cognate (green and lavender).
(F) The guanine at position 6 is in the same plane,
but rotated 90 degrees relative to the cytosine.
This orients the Watson–Crick face toward the
protein, which forms a new H-bond with Tyr136.
Another new intramolecular H-bond is formedwith
its own phosphate group, while the intramolecular
H-bond is maintained with T3.
(G) The G8C substrate (blue) is accommodated by
a local shift in L23 of Pot1pC (pink) relative to the
cognate complex (green and lavender).
(H) The cytosine at position 8 is rotated 90 degrees
relative to the guanine in the original bindingmode.
This maintains the hydrophobic and stacking
interactions, but creates a new network of
hydrogen bonds that is unique from the original
substrate (lavender).
See also Figure S2.
Structure
Pot1pC Uses Multiple Binding Modesselenomethionine-substituted proteins were expressed as an intein/chitin-
binding domain fusion protein in BL21 (DE3) E. coli at 18C. Purification was
performed using chitin beads (New England Biolabs), and the fusion protein
was cleaved by incubation with 100 mM bME for 20 hr at 4C. Upon elution,
at least 1.5-fold molar excess oligonucleotide (Integrated DNA Technologies)
was added, and the protein-ssDNA complex was purified using size-exclusion
chromatography (GE Healthcare HiLoad Superdex 75 size exclusion column
pre-equilibrated with buffer containing 20 mM Tris, 50 mM NaCl, 3 mM bME,
pH 8.0), where all complexes eluted at the time consistent with the monomeric
molecular weight. Free ssDNA was efficiently separated, and fractions con-
taining a 1:1 protein-ssDNA complex were pooled and concentrated to
10 mg/ml.
Free Pot1pC for isothermal titration calorimetry (ITC) studies was expressed
and cleaved as described above. Following elution from the chitin beads, the
protein was concentrated and injected onto the Superdex 75 equilibrated with
100 mM Tris pH 8, 100 mMKCl, 0.1% (w/v) deoxycholate, 3 mM bME, and 5%Structure 21, 121–132, January 8, 2013(v/v) glycerol. This buffer was found to stabilize the
free protein more effectively than the buffer used
for the complex. Upon elution from the size exclu-
sion column, the protein was concentrated to
9.4 mg/ml (550 mM), snap frozen in liquid nitrogen,
and stored at 80C.
Crystallization
Crystals were grown using the hanging drop vapor
diffusion method at 18C. Drops contained 1 ml
mother liquor and 1 ml 1:1 protein-ssDNA complex (5–10 mg/ml). Crystalliza-
tion conditions for each complex are listed in Table S1. Crystals in conditions
containing <30% (w/v) polyethylene glycol (PEG) were cryoprotected by
sequentially transferring the crystal into reservoir solution supplemented
with 5%, 10%, 15%, and 20% (v/v) ethylene glycol. Crystals in conditions
with R30% (w/v) PEG did not require an additional additive for successful
cryoprotection. All crystals were flash frozen in liquid nitrogen.
Data Collection and Refinement
A selenomethionine labeled crystal was used for the cognate complex struc-
ture determination. This complex (pC+9-mer) diffracted to 1.7 A˚ at the
Advanced Light Source beamline 8.2.1. Multiwavelength anomalous disper-
sion data sets were collected at 100 K at the wavelengths indicated in Tables
1, 2, and 3. Reflections were indexed, integrated, and scaled using HKL-2000
(Otwinowski and Minor, 1997). Three out of four possible selenium sites
were located, and initial experimental phases were calculated using BnPª2013 Elsevier Ltd All rights reserved 129
Figure 5. Pot1pC Binds 9-mer T4A in an Alternate Binding Mode
(A)SuperpositionofPot1pC/9-mer (greenand lavender) andPot1pC/9-merT4A (blueandgray) showsthat L23adoptsanewconformation in theT4Abindingmode,but
themajority of the protein remainsunchanged. TheDNAmaintains thesamegeneral contact surface, but the positioning of themajority of bases is altered to differential
extents.
(B) The adenine base at position 4 flips down into the previously unfilled portion of the binding pocket. This new conformation stacks with Arg68, but results in
steric clashes with bases T3 and C6 (illustrated by spheres representing the Van der Waals radii of relevant atoms).
(C) The steric clash with T3 causes the base to shift and disrupt two H-bonds. This is compensated by an improved stacking interaction between G2 and His100.
(D) The steric clash with C6 causes a shift that disrupts the network of H-bonds between the phosphate backbone and L23. L23, however, is able to adopt a new
conformation that forms an equally extensive network of H-bonds.
(E) The shifts at C6 and L23 disrupt the H-bond network involving G8, but the base is able to rotate over 90 to form a new network of H-bonds. This new network
involves amino acids Thr26 and Glu85, which were previously not involved in binding.
(F) The shift at position 6 propagates down to the stack involving G7, Trp27, T9, and Tyr28. These bases and amino acids, however, are able to rotate slightly to
maintain the majority of stacking and H-bonding interactions seen previously.
Structure
Pot1pC Uses Multiple Binding Modes(Weeks et al., 2002). Due to the high quality of the SeMet crystal, no native
data set was required. PHENIX Autobuild (Adams et al., 2010) was used to
create an initial model of the protein. This left clear electron density for the
ssDNA ligand, which was manually modeled using Coot (Emsley et al.,
2010). Refinement was performed using PHENIX Refine and manual adjust-
ments in Coot to arrive at the reported model (Figure 1; Tables 1, 2, and 3).
The final model was evaluated using MolProbity (Chen et al., 2010),
which showed good stereochemistry, with 97.1% favored and 0% outlier
Ramachandran angles, respectively. Ramachandran statistics for noncog-
nate complexes are in Table S1.
All data sets for noncognate complexeswere collected in-house using either
an Incoatec microfocus generator or a Rigaku RUH2R rotating anode gener-
ator interfaced to a Rigaku Raxis IV++ image plate detector (wavelength:
1.54 A˚; temperature: 100 K). Data were indexed and scaled using HKL-2000.
Rigid body refinement was performed using the cognate complex without130 Structure 21, 121–132, January 8, 2013 ª2013 Elsevier Ltd All rigthe ssDNA as a starting model in PHENIX. The noncognate ligand was then
manually built using Coot, and subsequent refinement was performed in the
programs PHENIX and Coot.
Isothermal Titration Calorimetry
Free Pot1pC was thawed and dialyzed overnight at 4C in buffer containing
20 mM potassium phosphate pH 8.0, 50 mM NaCl, and 3 mM bME. Oligonu-
cleotides were resuspended in the same buffer. All experiments were per-
formed on a MicroCal ITC 2000 (GE Healthcare) at 25C. Two hundred and
seventy microliters of 5 mM Pot1pC was added to the sample cell, and 40 ml
of 40 mM ssDNA was titrated in. Concentrations of protein and ssDNA were
measured by absorbance at 280 and 260 nm, respectively, and calculated
using extinction coefficients provided by ExPASy ProtParam and Integrated
DNA Technologies, respectively. Heat of dilution experiments showed no
detectable heat evolved and thus were not subtracted from bindinghts reserved
Structure
Pot1pC Uses Multiple Binding Modesexperiments. Data were integrated and fit by nonlinear least-squares fitting
using Origin ITC Software (Microcal Software).
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